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METHODS OF PREPARING TISSUE OF A In such tracking systems both the instrument and the 
PATIENT TO RECEIVE AN IMPLANT material being cut are outfitted with trackers such that the 

tracking system can track both the position and orientation 
CROSS - REFERENCE TO RELATED of the instrument and the material being cut such as a bone . 

APPLICATIONS 5 The instrument is held by a robot or other articulation 
mechanism that provides some form of mechanical con 

This application is a continuation of U.S. patent applica straint to movement . This constraint limits the movement of 
tion Ser . No. 13 / 600,888 filed on Aug. 31 , 2012 , which the instrument to within a predefined boundary . If the 
claims priority to and all the benefits of U.S. Provisional instrument strays beyond the predefined boundary , a control 
Patent Application No. 61 / 530,614 filed on Sep. 2 , 2011 and 10 is sent to the instrument to stop cutting . Such systems are 
U.S. Provisional Patent Application No. 61 / 662,070 filed on shown in U.S. Pat . No. 5,408,409 to Glassman et al . 
Jun . 20 , 2012 , the contents of each being incorporated herein It has also been proposed in the prior art that the instru 
by reference in their entirety . ment be used free hand without the aid of cutting jig , guide 

arm or other constraining mechanism to establish the loca 
FIELD OF THE INVENTION 15 tion to which the cutting implement at the end of the 

instrument is applied . See , for example , U.S. Pat . No. 
The present invention relates generally to hand - held sur 6,757,582 to Brisson et al . 

gical instruments , systems for tracking and controlling hand 
held surgical instruments , and methods of use . The tracking SUMMARY AND ADVANTAGES 
and control system is used to keep a working part of the 20 
instrument in a desired relationship to a boundary . The The present invention provides an instrument for treating 
system controls the position of a cutting accessory integral tissue during a medical procedure . The instrument com 
with the instrument when the accessory is applied to tissue prises a hand - held portion for being manually supported and 
during a medical / surgical procedure . moved by a user . A working portion is movably coupled to 

25 the hand - held portion . A plurality of actuators are opera 
BACKGROUND OF THE INVENTION tively coupled to the working portion for moving the work 

ing portion in a plurality of degrees of freedom relative to 
Tracking systems ( also known as navigation systems ) the hand - held portion . A tracking device is attached to the 

assist surgeons during surgeries that require the precise hand - held portion for tracking the instrument . A drive 
locating of instruments . Such surgeries include neurosurgery 30 mechanism is coupled to the working portion for rotating the 
and orthopedic surgery . The tracking system tracks the working portion about a rotational axis . The drive mecha 
position and orientation of an instrument during the proce nism moves in at least one degree of freedom relative to the 
dure and often displays the position and / or orientation of the hand - held portion . 
instrument on a monitor in conjunction with a preoperative The present invention also provides an instrument for 
image or an intraoperative image of the patient ( preoperative 35 treating tissue during a medical procedure , as described in 
images are typically prepared by MRI or CT scans , while this paragraph . The instrument comprises a hand - held por 
intraoperative images may be prepared using a fluoroscope , tion for being manually supported and moved by a user . A 
low level x - ray or any similar device ) . Alternatively , some working portion is movably coupled to the hand - held por 
systems are image - less in which the patient's anatomy is tion and includes a distal tip . A plurality of actuators are 
instead registered and mathematically fitted with an ana- 40 operatively coupled to the working portion for moving the 
tomical model . working portion in a plurality of degrees of freedom relative 

Prior art tracking systems typically employ a camera that to the hand - held portion . A tracking device is attached to the 
detects a tracking device located on the instrument . The hand - held portion for tracking the instrument . The distal tip 
tracking device has a plurality of optical markers such as of the working portion is capable of a total displacement of 
light emitting diodes ( LEDs ) to determine the position and 45 at least 0.2 inches ( 0.508 cm ) in each of the plurality of 
orientation of the instrument . The position of the instrument degrees of freedom . 
usually correlates to the coordinates of a working end of the The present invention also provides a method for treating 
instrument in three - dimensional space , the x , y , z or Carte tissue during a medical procedure using an instrument 
sian coordinates , relative to the camera . The orientation of having a hand - held portion , a working portion , a plurality of 
the instrument means the pitch , roll , and yaw of the instru- 50 actuators for moving the working portion in a plurality of 
ment . When both the position and the orientation of the degrees of freedom relative to the hand - held portion , a 
instrument are defined , the relative position of that instru plurality of sensors for sensing positions of the working 
ment is known to the tracking system . portion relative to the hand - held portion , and a control 

Orthopedic surgeons have been using tracking systems for system for controlling the instrument . The method com 
some time to assist in properly locating and positioning 55 prises the steps of : manually supporting and moving the 
cutting jigs . Cutting jigs are used to resect bone for the hand - held portion during the medical procedure to treat the 
purpose of preparing joints to accept replacement implants . tissue of a patient with the working portion ; and operating 
The time required to position and secure a cutting jig can the control system so that the control system establishes a 
appreciably add to the overall time required to perform a home position of the working portion relative to the hand 
joint replacement surgical procedure . It should be appreci- 60 held portion and tracks deviation of the working portion 
ated that the cutting jig must be accurately positioned . from the home position as the working portion moves in one 
Imprecise positioning of a cutting jig can contribute to a less or more of the plurality of degrees of freedom relative to the 
than ideal surgical outcome . As a result , there has been a hand - held portion in order to maintain a desired relationship 
movement to eliminate the use of cutting jigs . Instead , to a virtual boundary associated with the tissue during the 
surgeons would rely solely on tracking the instrument to 65 medical procedure . 
ensure that the cutting portion of the instrument does not The present invention also provides a method for treating 
stray beyond a predefined boundary . tissue during a medical procedure using an instrument , as 
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described in this paragraph . The instrument has a hand - held tion . A drive motor is supported by the hand - held portion 
portion , a working portion , a plurality of actuators for and includes a drive shaft coupled to the working portion for 
moving the working portion in a plurality of degrees of rotating the working portion about a cutting axis . A tracking 
freedom relative to the hand - held portion , a plurality of device is mounted to the hand - held portion for tracking the 
sensors for sensing positions of the working portion relative 5 instrument during the medical procedure . One of the actua 
to the hand - held portion , and a control system for controlling tors includes a motor having a hollow rotor that rotatably 
the instrument . The method comprises the steps of : manually receives the drive shaft therein such that the drive shaft of 
grasping and moving the hand - held portion during the the drive motor rotates within the hollow rotor and relative 
medical procedure to treat the tissue of a patient with the to the hollow rotor so as to rotatably drive the working 
working portion ; and operating the control system so that the 10 portion . 
control system establishes a home position of the working The present invention also provides an instrument for 
portion relative to the hand - held portion and tracks deviation treating tissue during a medical procedure , as described in 
of the working portion from the home position as the this paragraph . The instrument comprises a hand - held por 
working portion moves in one or more of the plurality of tion for being manually supported and moved by a user ; a 
degrees of freedom relative to the hand - held portion in order 15 cutting accessory movably coupled to the hand - held portion ; 
to maintain a desired relationship to a virtual boundary a plurality of actuators operatively coupled to the cutting 
associated with the tissue during the medical procedure . The accessory for moving the cutting accessory in a plurality of 
control system controls a cutting speed of the working degrees of freedom relative to the hand - held portion , the 
portion based on the deviation . plurality of actuators including an axial actuator for trans 

The present invention also provides an instrument for 20 lating the cutting accessory along an axis ; a drive motor 
treating tissue during a medical procedure , as described in including a drive shaft for rotating the cutting accessory 
this paragraph . The instrument comprises a hand - held por about a cutting axis ; a tracking device mounted to the 
tion for being manually supported and moved by a user . A hand - held portion for tracking the instrument during the 
drive assembly is movably coupled to the hand - held portion medical procedure ; and a collet assembly rotatably coupling 
and supports a working portion . A plurality of actuators are 25 the drive shaft to the cutting accessory so that the cutting 
operatively coupled to the working portion for moving the accessory rotates about the cutting axis upon rotation of the 
working portion in a plurality of degrees of freedom relative drive shaft , the collet assembly configured to release the 
to the hand - held portion . A tracking device is mounted to the cutting accessory in response to actuation of the axial 
hand - held portion for tracking the instrument during the actuator beyond a predefined limit of actuation . 
medical procedure . The drive assembly supports one of the 30 The present invention also provides an instrument for 
actuators and is movable by at least another of the actuators treating tissue during a medical procedure , as described in 
in at least one degree of freedom relative to the hand - held this paragraph . The instrument comprises a hand - held por 
portion . tion for being manually supported and moved by a user . A 

The present invention also provides an instrument for rotating cutting accessory is movably coupled to the hand 
treating tissue during a medical procedure , as described in 35 held portion . A plurality of actuators are operatively coupled 
this paragraph . The instrument comprises a hand - held por to the cutting accessory for moving the rotating cutting 
tion for being manually supported and moved by a user . A accessory in a plurality of degrees of freedom relative to the 
working portion is movably coupled to the hand - held por hand - held portion . A tracking device is attached to the 
tion . A plurality of actuators are operatively coupled to the hand - held portion for tracking the instrument . A sleeve at 
working portion for moving the working portion in a plu- 40 least partially covers the cutting accessory and moves with 
rality of degrees of freedom relative to the hand - held por the cutting accessory in each of the plurality of degrees of 
tion . A tracking device is attached to the hand - held portion freedom . The cutting accessory is configured to rotate within 
for tracking the instrument . At least adjustment one mecha the sleeve during the medical procedure . 
nism is disposed between the actuators and the working The present invention also provides a system for treating 
portion for transmitting movement from the actuators to the 45 tissue during a medical procedure . The system comprises an 
working portion . instrument adapted to be manually supported and moved by 

The present invention also provides an instrument for a user . The instrument includes a hand - held portion . The 
treating tissue during a medical procedure , as described in working portion is movably coupled to the hand - held por 
this paragraph . The instrument comprises a hand - held por tion . A plurality of actuators are operatively coupled to the 
tion for being manually supported and moved by a user . A 50 working portion for moving the working portion in a plu 
working portion is movably coupled to the hand - held por rality of degrees of freedom relative to the hand - held por 
tion . A plurality of actuators are operatively coupled to the tion . A tracking device is attached to the hand - held portion 
working portion for moving the working portion in a plu for tracking the instrument . The system includes a naviga 
rality of degrees of freedom relative to the hand - held por tion system for determining a position of the working 
tion . A tracking device is mounted to the hand - held portion 55 portion relative to a virtual boundary associated with the 
for tracking the instrument during the medical procedure . A tissue being treated . A control system is in communication 
gimbal supports movement of the working portion in at least with the actuators and is configured to control the actuators 
two of the degrees of freedom relative to the hand - held to actively position the working portion at the boundary 
portion . while the user moves the hand - held portion relative to the 

The present invention also provides an instrument for 60 boundary such that the working portion is substantially 
treating tissue during a medical procedure , as described in maintained at the boundary independent of the movement of 
this paragraph . The instrument comprises a hand - held por the hand - held portion . 
tion for being manually supported and moved by a user . A The present invention also provides a system for treating 
working portion is movably coupled to the hand - held por tissue during a medical procedure , as described in this 
tion . A plurality of actuators are operatively coupled to the 65 paragraph . An instrument is adapted to be manually sup 
working portion for moving the working portion in a plu ported and moved by a user . The instrument includes a 
rality of degrees of freedom relative to the hand - held por hand - held portion . A working portion is movably coupled to 
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the hand - held portion . A plurality of actuators are opera of actuators for moving the cutting accessory in a plurality 
tively coupled to the working portion for moving the work of degrees of freedom relative to the hand - held portion , and 
ing portion in a plurality of degrees of freedom relative to a tracking device ; operating a tracking and control system 
the hand - held portion . A tracking device is attached to the for the instrument to track movement of the cutting acces 
hand - held portion for tracking the instrument . The system 5 sory relative to the virtual boundary ; moving the cutting 
includes a navigation system for determining a position of accessory through the incision in the skin ; cutting away 
the working portion relative to a target volume of the tissue material from the patient's spine wherein the tracking and 
to be removed . A control system is in communication with control system controls the actuators to move the cutting 
the actuators and is configured to control the actuators to accessory relative to the hand - held portion so that the cutting 
move the working portion relative to the hand - held portion 10 accessory is substantially maintained in a desired relation 
such that the working portion autonomously follows a path ship to the boundary during cutting ; and fitting an implant 
defined in the control system to remove the target volume of into the patient's spine after cutting away material from the 
material while the user substantially maintains the hand - held patient's spine . 
portion in a gross position relative to the target volume The present invention also provides a method for per 
during the medical procedure . 15 forming a procedure on a patient's hip . The method com 

The present invention also provides a system for treating prises : establishing a virtual boundary associated with a 
tissue during a medical procedure , as described in this femoral head of the patient wherein the virtual boundary 
paragraph . The system comprises an instrument adapted to defines a volume of material that creates a cam impingement 
be manually supported and moved by a user . The instrument between the femoral head and an acetabulum of the patient ; 
includes a hand - held portion , a working portion movably 20 providing access through skin to the femoral head of the 
coupled to the hand - held portion , a plurality of actuators patient ; manually holding an instrument having a hand - held 
operatively coupled to the working portion for moving the portion , a cutting accessory , a plurality of actuators for 
working portion in a plurality of degrees of freedom relative moving the cutting accessory in a plurality of degrees of 
to the hand - held portion , and a tracking device attached to freedom relative to the hand - held portion , and a tracking 
the hand - held portion for tracking the instrument . The 25 device ; operating a tracking and control system for the 
system includes a navigation system for determining a instrument so that the tracking and control system tracks 
position of the working portion relative to a virtual boundary movement of the cutting accessory relative to the virtual 
associated with the tissue being treated . A display is in boundary ; moving the cutting accessory through the incision 
communication with the navigation system for indicating the in the skin to the femoral head ; and cutting away the volume 
position of the working portion relative to the virtual bound- 30 of material from the femoral head that creates the cam 
ary . A control system is in communication with the actuators impingement with the acetabulum to relieve the impinge 
to control the actuators to move the working portion relative ment . The tracking and control system controls the actuators 
to the hand - held portion . The control system is configured to move the cutting accessory relative to the hand - held 
establish a home position of the working portion relative to portion so that the cutting accessory is substantially main 
the hand - held portion and track deviation of the working 35 tained in a desired relationship to the virtual boundary 
portion from the home position as the working portion during cutting to remove the defined volume of material . 
moves in one or more of the plurality of degrees of freedom The present invention also provides a method for per 
relative to the hand - held portion in order to maintain a forming a procedure on a patient's knee . The method 
desired relationship to the virtual boundary during the comprises : establishing a virtual boundary associated with 
medical procedure . The display indicates the deviation of the 40 the femur and tibia of the patient wherein the virtual 
working portion relative to the home position . boundaries define a volume of material to be removed from 

The present invention also provides a system for treating the femur and tibia to receive a graft ; creating an access path 
tissue during a medical procedure , as described in this through skin of the patient to provide access to the femur or 
paragraph . The system comprises an instrument adapted to tibia of the patient ; manually holding an instrument having 
be manually supported and moved by a user . The instrument 45 a hand - held portion , a cutting accessory , a plurality of 
includes a hand - held portion , a working portion movably actuators for moving the cutting accessory in a plurality of 
coupled to the hand - held portion , a plurality of actuators degrees of freedom relative to the hand - held portion , and a 
operatively coupled to the working portion for moving the tracking device ; operating a tracking and control system for 
working portion in a plurality of degrees of freedom relative the instrument so that the tracking and control system tracks 
to the hand - held portion , and a tracking device attached to 50 movement of the cutting accessory relative to the virtual 
the hand - held portion for tracking the instrument . The boundaries ; moving the cutting accessory through the access 
system includes a navigation system for determining a path to the femur or tibia ; cutting away the volume of 
position of the working portion relative to a virtual boundary material from the femur and the tibia wherein the cutting 
associated with the tissue being treated . A display is in occurs first through one or the femur or tibia to create a 
communication with the navigation system for indicating the 55 femur or tibia passage and with the cutting accessory 
position of the working portion relative to the virtual bound positioned in the femur or tibia passage cutting then occurs 
ary . A control system is in communication with the actuators in the other of the femur or tibia to form the other of the 
to control the actuators to move the working portion relative femur or tibia passage wherein the tracking and control 
to the hand - held portion . The control system is configured to system controls the actuators to move the cutting accessory 
control the display to change a resolution of the display as 60 relative to the hand - held portion so that the cutting accessory 
the working portion approaches the virtual boundary . is substantially maintained in a desired relationship to the 

The present invention also provides a method for per virtual boundaries during cutting in the tibia and the femur 
forming a spinal fusion procedure on a patient's spine . The to remove the defined volume of material ; and placing a 
method comprises : establishing a virtual boundary associ graft in the tibia passage and the femur passage . 
ated with the patient's spine ; providing access through skin 65 The present invention also provides a method for repair 
to the patient's spine ; manually holding an instrument ing a focal defect in cartilage of a patient . The method 
having a hand - held portion , a cutting accessory , a plurality comprises : establishing a virtual boundary associated with 
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the focal defect in the cartilage of the patient wherein the freedom relative to the hand - held portion to maintain a 
virtual boundary defines a volume of material to be removed desired relationship to the virtual boundaries . 
around the focal defect ; creating an access path through skin The variety of procedures that can be performed with the 
of the patient to provide access to the focal defect ; manually instrument include , for example , sculpting , shaving , coring , 
holding an instrument having a hand - held portion , a cutting 5 boring , or any other method of removing tissue such as bone . 
accessory , a plurality of actuators for moving the cutting The instrument can be used to remove tissue in spine , knee , accessory in a plurality of degrees of freedom relative to the hip , and other procedures . These procedures may be open hand - held portion , and a tracking device ; operating a track procedures or minimally invasive procedures . ing and control system for the instrument so that the tracking 
and control system tracks movement of the cutting accessory 10 BRIEF DESCRIPTION OF THE DRAWINGS 
relative to the virtual boundary ; moving the cutting acces 
sory through the access path to the focal defect ; and cutting Advantages of the present invention will be readily appre away the volume of material surrounding the focal defect . ciated as the same becomes better understood by reference The control system controls the actuators to move the to the following detailed description when considered in cutting accessory relative to the hand - held portion so that the 15 connection with the accompanying drawings wherein : cutting accessory is substantially maintained in a desired 
relationship to the virtual boundary during cutting to remove FIG . 1 is a schematic view of a tracking and control 
the defined volume of material . system of the present invention ; 

The present invention also provides a method for prepar FIG . 1A is an illustration of a work boundary ; 
ing bone to receive an implant . The method comprises : 20 FIG . 2 is a perspective view of a surgical instrument used 
establishing a virtual boundary associated with the bone of in the tracking and control system of FIG . 1 ; 
the patient wherein the virtual boundary defines a volume of FIG . 2A is a rear perspective view of the surgical instru 
bone to be removed to form an implant pocket shaped to ment used in the tracking and control system of FIG . 1 ; 
receive an implant ; providing access to the volume of bone FIGS . 3-5 are , respectively , front , top , and right views of 
to be removed ; manually holding an instrument having a 25 the surgical instrument ; 
hand - held portion , a cutting accessory , a plurality of actua FIG . 6 is a top perspective view of the surgical instrument 
tors for moving the cutting accessory in a plurality of of FIG . 2 with protective covers , display , and covers 
degrees of freedom relative to the hand - held portion , and a removed ; 
tracking device ; operating a tracking and control system for FIG . 7 is a front view of the surgical instrument from FIG . 
the instrument so that the tracking and control system tracks 30 6 ; 
movement of the cutting accessory relative to the virtual FIG . 8 is a cross - sectional view taken through the surgical 
boundary ; moving the cutting accessory to the volume of instrument from FIG . 7 ; 
bone to be remove and cutting away the volume of bone FIG . 9 is a top perspective view of an upper assembly of 
to form the implant pocket . The tracking and control system the surgical instrument of FIG . 6 ; 
controls the actuators to move the cutting accessory relative 35 FIG . 10 is a perspective view of the upper assembly ; 
to the hand - held portion so that the cutting accessory is FIGS . 11-15 are front , top , bottom , left - side , and right 
substantially maintained in a desired relationship to the side views of the upper assembly ; 
virtual boundary during cutting so to remove the defined FIG . 16 is a cross - sectional view taken along the line 
volume of bone . The method includes placing the implant in 16-16 in FIG . 12 ; 
the implant pocket and securing the implant in position in 40 FIG . 17 is an exploded view of the upper assembly ; 
the implant pocket . FIG . 17A is a cross - sectional view of the upper assembly 

Advantageously , the present invention provides for a taken generally along the line 17A - 17A in FIG . 12 ; 
compact design of the instrument , which beneficially allows FIG . 17B is a cross - sectional view of the upper assembly 
the operator to easily manipulate the instrument , while taken generally along the line 17B - 17B in FIG . 11 ; 
actuators of the instrument position the working portion in 45 FIGS . 18-20 are back views of the upper assembly 
a plurality of degrees of freedom relative to the hand - held illustrating different pitch positions of an end effector of the 
portion . This compact design also reduces visual interfer upper assembly ; 
ence with the tissue being operated upon . The compact FIGS . 21-23 are top views of the upper assembly illus 
design allows for the hand - held portion to be sized and trating different yaw positions of the end effector ; 
shaped to be held and supported in the hand of a user . FIGS . 24-27 are rear perspective views of the upper 
The present invention also advantageously provides feed assembly illustrating different yaw / pitch positions of the end 

back to the operator indicating relative position of the effector ; 
working portion of the instrument to the virtual boundary . FIG . 28 is a top perspective view of a handle assembly of 
The operator can determine the location of the working the surgical instrument of FIG . 6 ; 
portion relative to the virtual boundary by observing devia- 55 FIG . 29 is a front and right perspective view of the handle 
tion from the home position and / or speed attenuation of the assembly ; 
working portion . The speed attenuation of the working FIGS . 30-34 are front , top , bottom , left - side , and right 
portion can provide visual and / or aural indication of position side views of the handle assembly ; 
of the working portion relative to the virtual boundary . FIG . 35 is a cross - sectional view taken along the line 
Displays also provide feedback regarding the position of the 60 35-35 in FIG . 31 ; 
working portion . FIG . 35A is a cross - sectional view showing the sliding 

The control system provides the ability to operate the arrangement of the slider subassembly relative to the handle 
instrument in a variety of modes and to perform a variety of assembly ; 
procedures . For example , the instrument can be operated in FIG . 35B is a partial rear perspective view of the instru 
an active mode , a passive mode , or an autonomous mode . 65 ment with a portion of the handle cut away to show a nut and 
The control system , for example , controls the actuators to 
position the working portion in the plurality of degrees of FIG . 36 is an exploded view of the handle assembly ; 

50 

lead screw ; 
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FIGS . 37-39 are top views of the handle assembly illus FIG . 72 is a perspective view of a pencil - grip embodiment 
trating different z - axis positions of a linear nut that drives the of the instrument including a proximal assembly and a distal 
upper assembly ; assembly ; 

FIG . 40 is a top perspective view of a slider subassembly FIG . 73 is another perspective view of the instrument of 
of the upper assembly ; 5 FIG . 72 ; 
FIG . 41 is a rear perspective view of the slider subassem FIG . 74 is an exploded view of a portion of the instrument 

bly : of FIG . 72 ; 
FIG . 42 is an exploded view of the slider subassembly ; FIGS . 75A - C are cross - sectional views of the instrument 

of FIG . 72 in various pitch positions ; FIG . 43 is a bottom perspective view of the slider sub 
assembly ; FIG . 76 is a cross - sectional view of a portion of the 

instrument of FIG . 72 ; FIG . 43A is a top view of the slider subassembly ; FIG . 77 is a cross - sectional view of another portion of the FIG . 44 is a cross - sectional view of the slider subassem instrument of FIG . 72 ; bly taken along the line 44-44 in FIG . 43A ; FIG . 78 is a perspective view of a distal portion of the FIG . 45 is a cross - sectional view of the slider subassem 15 instrument of FIG . 72 ; 
bly taken along the line 45-45 in FIG . 43A ; FIG . 79 is an exploded view of the distal portion ; 
FIG . 46 is a top perspective view of the handle assembly FIG . 80 is a perspective view of a nose tube ; 

with portions removed to illustrate a path for wires ; FIG . 81 is a cross - sectional view of a collet assembly ; 
FIG . 47 is a top view of the handle assembly with portions FIG . 82 is another cross - sectional view of the collet 

removed ; 20 assembly ; 
FIG . 48 is a right view of the handle assembly with FIG . 83 is an exploded view of the collet assembly ; 

portions removed ; FIG . 84 is a partially exploded view of a shaft between a 
FIGS . 49 and 50 are perspective cross - sectional views collar and the collet assembly ; 

taken along the lines 49-49 in FIG . 47 and illustrating FIGS . 85-87 are cross - sectional views of the instrument in 
additional paths for wires ; 25 various positions along a Z - axis ; 
FIG . 51 is a perspective view of the handle assembly with FIG . 88 is a cross - sectional view of a portion of the 

a navigation bracket , drive enclosure , and wire sorter instrument with the shaft positioned such that the cutting 
attached thereto ; accessory can be removed upon further retraction of the nose 
FIG . 52 is a cross - sectional view taken along the line tube ; 

52-52 in FIG . 51 ; FIG . 89 is a cross - sectional view of a portion of the 
FIG . 53 is an exploded view of the wire sorter ; instrument with the collet assembly in an unlocked position ; 
FIG . 53A is a perspective view of a ferrule ; FIG . 90 is a cross - sectional view of the nose tube ; 
FIG . 54 is an exploded view of the contents of the shell FIG . 91 is a perspective view of the lead screw 

in which the motor controllers are housed ; FIG . 92 is a cross - sectional view of the lead screw ; 
FIG . 55 is an exploded view of the navigation bracket ; FIG . 93 is a cross - sectional view of an embodiment of the 
FIG . 56 is a top and front perspective view of the nose tube including an anti - backlash device ; 

instrument illustrating the range of motion of the end FIG . 94 is another cross - sectional view of the anti 
effector ; backlash device ; 
FIG . 57 is a cross - sectional view of the end effector ; FIG . 95 is a cross - sectional view of a portion of the 
FIG . 58 is a flow chart showing the initialization steps of 40 instrument of FIG . 72 including a gimbal ; 

the system ; FIG.96 is a cross - sectional view of an adjustment assem 
FIG . 59 is a flow chart showing the operational steps bly ; 

taken during use of the system ; FIG . 97 is a perspective view of the adjustment assembly ; 
FIG . 60 is a perspective view of a surface model of a work FIG . 98 is another perspective view of the adjustment 

boundary ; 45 assembly ; 
FIG . 61 is a perspective view of a volume model of a work FIG . 99 is a cross - sectional view of the adjustment 

boundary ; assembly ; 
FIG . 62 is an illustration showing a bur head outside of the FIG . 100 is another cross - sectional view of the adjustment 

work boundary ; assembly ; 
FIG . 63 is an illustration showing the bur head at the work 50 FIG . 101 is a perspective view of a portion of the 

boundary ; adjustment assembly ; 
FIG . 64 is a chart of a speed profile of the bur with respect FIG . 102 is a perspective view of a carriage and a 

to bur deflection ; connecting member of the adjustment assembly ; 
FIG . 65 is an illustration of an application of the invention FIG . 103 is a cross - sectional view of the carriage ; 

for use in bone sculpting ; FIG . 104 is a perspective view of the connecting member ; 
FIG . 66 is an illustration of an application of the invention FIG . 105 is another embodiment of the adjustment assem 

for use in bore tunneling ; bly including an anti - backlash device ; 
FIGS . 67A - 67C are illustrations of an application of the FIG . 106 is a perspective view of a portion of the 

invention for use in targeting / alignment ; adjustment assembly of FIG . 105 ; 
FIG . 68 is an illustration of a potential display located on 60 FIG . 107 is a view of a display screen including a target 

the instrument ; reticle , a depth legend , an extension extending from the 
FIG . 69 is an illustration of an application of the invention depth legend , an acceptance circle , and an orientation leg 

for use in avoiding tissues or nerves ; end ; 
FIG . 70 is an illustration of an application of the invention FIG . 108 is a view of a display screen including a target 

for use in depth control ; 65 reticle , a depth legend , an extension extending from the 
FIG . 71 is an illustration of an application of the invention depth legend , an acceptance circle , an orientation legend , 

for use in shaping implants ; and a translation legend ; 

35 

55 
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FIG . 109 is a view of a display screen including a target cutting accessories that can be driven by instrument 200 
reticle , a depth legend , an extension extending from the include , saw blades , shavers , drill bits and burs . In FIG . 1 , 
depth legend , and an orientation legend ; the depicted cutting accessory 202 is a bur that has at its 

FIG . 110 is a view of a display screen including a target distal end a spherical bur head 204 for removing bone . 
reticle , a depth legend , an acceptance bar , and a translation 5 With reference to FIGS . 16 and 17 , a sleeve 209 , also 
legend ; referred to as a nose tube , at least partially covers the cutting 
FIG . 111 is a view of the display screen including a target accessory 202. Cutting accessory 202 moves with sleeve 

reticle , a depth legend , and a translation legend ; 209 as the cutting accessory 202 moves about a plurality of 
FIGS . 112A through 112D illustrate steps of performing a degrees of freedom , e.g. , pitch , yaw , and translation along 

surgical fusion ; 10 axis Z , as discussed further below . The axis Z is also referred 
FIGS . 113A and 113B illustrate steps of alleviating to as a z - axis . The sleeve 209 remains stationary about 

impingement between a femoral head and an acetabulum ; rotational axis R , i.e. , the cutting accessory 202 is configured 
FIG . 114 illustrates an anterior cruciate ligament repair to rotate within the sleeve 209 during the medical procedure . 

using a graft placed through passages formed in the femur Tracking and control system 100 can track and control 
and tibia ; 15 other types of surgical instruments 200. These instruments 
FIGS . 115A and 115B illustrate steps of repairing a focal include powered surgical instruments that output energy 

cartilage defect ; and other than mechanical energy such as : electrical energy ; 
FIG . 116 illustrates formation of a pocket in bone to photonic energy ( light ) ; RF energy ; thermal energy ; and that 

receive a cranial implant . vibrate ( emit mechanical energy in the form of vibrations ) . 
20 A surgical instrument 200 of this invention may not even 

DETAILED DESCRIPTION have a power emitting component . The instrument 200 may 
include as a cutting accessory 202. Alternatively , the cutting 

I. Overview accessory 202 may be manually actuated . Examples of 
manually actuated cutting accessories include forceps and 

Referring to FIG . 1 , a tracking and control system 100 is 25 snares . 
shown . Tracking and control system 100 tracks instrument The illustrated instrument in FIGS . 1 and 1A with bur as 
200 to keep a distal end tip 204 of a cutting accessory 202 the cutting accessory 202 is shown being used to shape a 
that is attached to instrument 200 in a desired relationship to portion of a femur 102. The instrument 200 can be used to 
a predefined boundary . ( Here “ distal ” means away from the remove other types of tissue , including soft tissue . 
practitioner holding the instrument 200 and towards the 30 With continued reference to FIG . 1 , the embodiment 
tissue to which the instrument is applied . “ Proximal ” means shown , the femur 102 has a target volume 104 of material 
towards the practitioner and away from the tissue to which that is to be removed by the bur head 204. The target volume 
the instrument is applied . ) The tracking and control system 104 is defined by a boundary 106 called the work boundary . 
100 controls the position of the cutting accessory tip 204 This work boundary 106 defines the surface of the bone that 
relative to a reference point on the instrument 200. This 35 should remain after the procedure . System 100 tracks and 
control prevents the cutting accessory tip 204 from colliding controls instrument 200 to ensure that bur head 204 only 
with or breaching a boundary at the surgical site to which the removes the target volume 104 of material and does not 
cutting accessory 202 is applied . extend beyond the work boundary 106. It should be appre 

Tracking and control system 100 can be used to keep the ciated that the work boundary in other embodiments may be 
accessory distal end tip 204 outside of a predefined bound- 40 defined by any shape or size and may include 2 - D or 3 - D 
ary . For example , it may be desirable to keep an active tip shapes , lines , trajectories , surfaces , linear paths , non - linear 
of an ablation instrument away from certain regions inside paths , volumes , planes , bore holes , contours , and the like . In 
the body or away from certain body parts . It may also be some embodiments , the work boundary can define a 2 - D or 
desirable to control a depth of cutting . In this respect , the 3 - D boundary across which the instrument should not cross . 
system 100 controls the position of the accessory distal end 45 In other embodiments , the work boundary may define a line , tip 204 to avoid those regions or body parts . path , trajectory or course along which the working portion 
The depicted surgical instrument 200 is a motorized of the instrument should travel . In these cases , the work 

surgical handpiece . The instrument 200 includes a drive boundary is also referred to as a work path , work trajectory 
mechanism 201 , for example , referenced in FIGS . 8 , 16 , and or work course . 
57 , coupled to a working portion , e.g. , cutting accessory 50 
202. In some embodiments where the cutting accessory 202 II . Tracking and Control System 
rotates , e.g. , a bur , a drill bit , etc. , the drive mechanism 201 
rotates the working portion about a rotational axis R. As set Referring to FIG . 1 , the tracking and control system 100 
forth further below , with respect to the instrument 200 , the includes a navigation unit 108. The navigation unit 108 
rotational axis R moves relative to a hand - held portion , e.g. , 55 tracks the positions and orientations of the femur 102 and 
handle assembly 500 , in pitch , yaw , and along an axis Z. The surgical instrument 200. The navigation unit 108 includes a 
drive mechanism 201 includes a motor 206 and can include camera 110. A navigation computer 112 receives and pro 
other bearings , rods , etc. , to transfer rotation from the motor cesses signals from the camera 110. The camera 110 is 
206 to the working portion , i.e. , cutting accessory 202 . connected to the navigation computer 112 by data connec 
A coupling assembly 207 , seen in cross section in FIG . 16 , 60 tion 107. Data connection 107 may be an IEEE 1394 

is located forward of motor 206. Coupling assembly 207 interface , which is a serial bus interface standard for high 
releasably holds different cutting accessories 202 to the speed communications and isochronous real - time data trans 
instrument 200. The coupling assembly 207 also provides a fer . Data connection 107 could also use a company specific 
mechanical linkage between the motor 206 and accessory protocol . 
202 so the accessory 202 can be actuated by the motor 206. 65 One camera 110 that can be incorporated into system 100 
The cutting accessory 202 is the component that performs a is the FlashPoint® 6000 Camera sold by Stryker Corpora 
medical / surgical task on the tissue of a patient . The types of tion of Kalamazoo , Mich . The camera 110 includes three 
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separate high resolution CCD cameras ( not shown ) . The 106. Based on this determination , the controller 120 , if 
CCD cameras detect infrared ( IR ) signals . Camera 110 is necessary , repositions the cutting accessory and attenuates 
mounted to a stand ( not shown ) to position the camera 110 the speed of the instrument motor 206 as discussed further 
above the zone in which the procedure is to take place to below . Instrument controller 120 typically performs these 
provide the camera 110 with a field of view of the below 5 operations in a single control loop . In many versions of the 
discussed trackers 114 and 116 that , ideally , is free from invention , the controller 120 repeatedly executes these con 
obstructions . Trackers 114 and 116 are also referred to as trol loops at a frequency of at least 1 kHz . In some versions tracking devices 114 and 116 , respectively . of the invention , controller 120 includes plural CPUs . The navigation computer 112 can be a personal computer Depending on the structure of the controller 120 these such as a laptop computer . Navigation computer 112 has a 10 CPU's operate in series and / or parallel . In FIG . 1 , instrument display 113 , central processing unit ( not shown ) , memory controller 120 is represented as a personal computer . ( not shown ) , and storage ( not shown ) . System 100 further includes an instrument driver 130 . The navigation computer 112 is loaded with software . The 
software converts the signals received from the camera 110 Instrument driver 130 provides power to instrument motor 
into data representative of the position and orientation of the 15 206 to control the motor 206. The power supply and control 
objects to which trackers 114 and 116 are attached . Also components internal to driver 130 may be similar those in 
associated with the navigation computer 112 is a mouse or the surgical instrument control console described in U.S. 
other suitable pointer - input device and keyboard . Pat . No. 7,422,582 , CONTROL CONSOLE TO WHICH 

The camera 110 communicates with the navigation com POWERED SURGICAL HANDPIECES ARE CON 
puter 112 via data connection 107. The navigation computer 20 NECTED , THE CONSOLE CONFIGURED TO SIMUL 
112 initially sets up and registers the navigation unit 108 . TANEOUSLY ENERGIZE MORE THAN ONE AND 
The software provides a graphical user interface ( GUI ) . The LESS THAT ALL OF THE HANDPIECES hereby incor 
software also provides the geometry and positioning of the porated by reference , including the power supply and con 
work boundary 106. The navigation computer 112 interprets trol components of the control console disclosed therein and 
the data received from the camera 110 and generates corre- 25 associated methods of operation and use . Instrument driver 
sponding position and orientation data that is transmitted to 130 is in communication with the instrument controller 120 
an instrument controller 120 . via a data connection 131. Data connection 131 may be an 

With reference to FIG . 1 , for example , trackers 114 and IEEE 1394 interface , which is a serial bus interface standard 
116 are affixed to the instrument 200 and the femur 102 , for high - speed communications and isochronous real - time 
respectively . Specifically , the tracker 114 , i.e. , the tracking 30 data transfer . Data connection 131 could use a company 
device 114 , is attached to a hand - held portion of the instru specific protocol . It should be appreciated that in other 
ment 200 , as discussed below , for tracking the instrument embodiments the instrument driver 130 could be integrated 
200. Each tracker 114 and 116 has a plurality of optical into or part of the instrument controller 120 . 
markers in the form of light emitting diodes , such as three With reference to FIGS . 1-8 , for example , a manually 
LEDs ( not shown ) , that transmit infrared light to the camera 35 actuated trigger 208 mounted to the instrument 200 is 
110. In some cases , the optical markers are three or more selectively depressed to regulate actuation of the instrument 
light reflectors ( not shown ) for use with a camera unit ( not motor 206. A sensor ( not identified ) disposed inside the 
shown ) that transmits light that reflects off the light reflec instrument 200 generates a signal as a function of the extent 
tors . In other procedures , additional trackers may be affixed to which the trigger 208 is actuated . The output signals from 
to other bones , tissue , or other parts of the body , tools , or 40 the sensor are forwarded by a data connection 133 to the 
equipment instrument driver 130. Based on the state of this sensor 

Based on the light captured signals forwarded from the signal and other inputs described below , the instrument 
camera 110 , the navigation computer 112 determines the driver 130 applies energization signals to the instrument 
position of each optical marker and thus the position and motor 206 . 
orientation of the objects to which they are attached relative 45 Display 113 shows a virtual representation ( or 3 - D model ) 
to the camera 110. An example of the camera 110 , navigation of the femur 102 and cutting accessory 202. The represen 
computer 112 , and trackers 114 , 116 are shown in U.S. Pat . tation of the femur 102 is based on preoperative images 
No. 7,725,162 to Malackowski et al . , hereby incorporated by taken of the femur 102. Such images are typically based on 
reference , including the camera , navigation computer and MRI or CT scans . Alternatively intraoperative images using 
trackers and associated methods of operation and use dis- 50 a fluoroscope , low level x - ray or any similar device could 
closed therein . also be used . These images are registered to the tracking 

The instrument controller 120 is in communication with device 116 for tracking purposes . Once registered , move 
the navigation computer 112 via a data connection 121. Data ment of the femur 102 results in corresponding movement of 
connection 121 may be an IEEE 1394 interface , which is a the images on the display 113. This can also be displayed on 
serial bus interface standard for high - speed communications 55 the display 1402 ( see below ) . Screen shots of display 1402 
and isochronous real - time data transfer . Data connection 121 are shown in FIG . 68 and in FIGS . 107-111 . It should be 
could use a company specific protocol . It should be appre appreciated that the various features shown on the screen 
ciated that in some versions of this invention navigation shots in FIGS . 68 and 107-111 can be used in any combi 
computer 112 and instrument controller 120 may be single nation . 
unit . Instrument controller 120 communicates with the 60 The instrument 200 and the femur 102 are registered to 
instrument 200 by a data connection 123 . the navigation unit 108 to ensure that the position and 

Based on the position and orientation data and other orientation data corresponds to their true relative positions 
below described data , the instrument controller 120 deter within an acceptable level of accuracy . 
mines the position and orientation of the cutting accessory The display 113 ( and / or 1402 ) also shows the work 
202 relative to the femur 102. By extension , the instrument 65 boundary 106 using color coding , or other visual method of 
controller 120 , determines the relative location of the acces distinguishing the target volume 104 of material to be 
sory tip such as the bur head 204 to the working boundary removed from material that is to remain in the femur 102 . 
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Referring to FIG . 1A , the instrument controller 120 140 can provide other types of power signals such as , for 
defines a constraint boundary 111 that is located a predeter example , 12 VDC , 40 VDC , etc. 
mined distance from the work boundary 106 to define a The motors 220 , 222 , 224 move the cutting accessory 202 
buffer 105. In one implementation of the system , the instru and , by extension the bur head 204 , when the bur head 204 
ment controller 120 determines the position of the center of 5 approaches , meets , or exceeds the constraint boundary 111 . 
the bur head 204 , relative to the constraint boundary 111 to For example , the instrument controller 120 may determine 
control the instrument 200. The relative distance between that the bur head 204 is crossing the constraint boundary 111 
the working boundary 106 and the constraint boundary 111 as the bur head 204 removes bone . In response , the instru 
is a function , in part , of the geometry of the cutting acces ment controller 120 transmits a signal to at least one of the 
sory 202. For example , if the cutting accessory 202 includes controllers 230 , 232 or 234 that causes the deflection of the 
a spherical bur head 204 , the constraint boundary is one - half cutting accessory 202 that moves the bur head 204 away 
the diameter of the bur head 204. Thus , when the centroid of from the constraint boundary 111 . 
the bur head 204 is on the constraint boundary 111 , the bur's In one version of the invention , motors 220 , 222 and 224 
outer cutting surface is at the work boundary 106 . are brushless DC servomotors . One servomotor is available 

from MICROMO of Clearwater , Fla . , Part No. 1628T024B 
III . Surgical Instrument K1155 . Each servomotor includes three integrated linear 

Hall - effect sensors ( not shown ) that transmit signals back to 
A. Overview the instrument controller 120. The levels of these signals 
Referring to FIG . 1 , surgical instrument 200 communi- 20 vary as a function of the rotational position of the associated 

cates with the instrument controller 120 via the data con motor rotor . These Hall - effect sensors output analog signals 
nection 123. The data connection 123 provides the path for based on the sensed magnet fields from the rotor . In the 
the input and output required to control the instrument 200 above - described motor , the sensors are spaced 120 ° apart 
based on the position and orientation data generated by the from each other around the rotor . A low voltage signal , 
navigation computer 112 and transmitted to the instrument 25 typically , 5 VDC , for energizing the motor Hall effect 
controller 120 . sensors is supplied from the controller 230 , 232 or 234 

The instrument 200 includes a hand - held portion , e.g. , a associated with the motor 220 , 222 or 224 in which the 
handle assembly 500 as discussed further below , and a Hall - effect sensors are located . 
working portion , e.g. , the cutting accessory 202. The work The output signals from the Hall - effect sensors internal to 
ing portion is movably coupled to the hand - held portion . The 30 each motor 220 , 222 and 224 are applied to the associated 
hand - held portion is manually supported and moved by a controller 230 , 232 and 234 , respectively . Each controller 
user during the medical procedure to treat the tissue of a 230 , 232 and 234 , monitors the received signals for changes 
patient with the working portion . The user operates the in their levels . Based on these signals the controller 230 , 232 
instrument 200 by grasping and supporting hand - held por or 234 determines the rotor position . Here “ rotor position " 
tion , and the instrument 200 is unsupported by other 35 is understood to be the degrees of rotation of the rotor from 
mechanical arms , frames , etc. an initial or home position . A motor rotor can undergo plural 

The instrument 200 has a plurality of actuators , e.g. , 360 ° rotations . A rotor position can therefore exceed 360 ° . 
motors 220 , 222 and 224. The motors 220 , 222 , and 224 are Each motor controller 230 , 232 and 234 maintains a scalar 
coupled to the working portion , e.g. , the cutting accessory value referred to as a “ count ” representative of rotor position 
202 , for moving the working portion in a plurality of degrees 40 from the home position . The motor rotors rotate in both 
of freedom relative to the hand - held portion , e.g. , the handle clockwise and counterclockwise directions . Each time the 
assembly 500. Each motor 220 , 222 and , 224 is controlled signal levels of the plural analog signals undergo a defined 
by a separate controller 230 , 232 , 234 , respectively . Con state change , the controller 230 , 232 and 234 increments or 
trollers 230-234 can be those provided by Technosoft U.S. , decrements the count to indicate an arcuate change in rotor 
Inc. of Canton , Mich . , part number IBL2401 - CAN . In some 45 position . For every complete 360 ° rotation of the motor 
embodiments , the motors 220 , 222 , 224 can be controlled by rotor , the associated motor controller 230 , 232 and 234 
a single controller . Controllers 230 , 232 and 234 are wired increments or decrements the value of the count by a fixed 
separately to the motors 220 , 222 and 224 , respectively to number of counts . In some versions of the invention , the 
individually direct each motor to a given target position . In count is incremented or decremented between 1500 and 
some versions of the invention , controllers 230 , 232 and 234 50 2500 per 360 ° revolution of the rotor . 
are proportional integral derivative controllers . The data Internal to each controller 230 , 232 and 234 is a counter 
connection 123 may be a CAN - bus interface between the ( not illustrated ) . The counter stores a value equal to the 
instrument controller 120 and the controllers 230 , 232 , 234 cumulative number of counts incremented or decremented 
or any other high speed interface . In other embodiments , the by the controller 230 , 232 or 234. The count value can be 
controllers 230 , 232 , 234 can be integrated with or form part 55 positive , zero or negative . 
of the instrument controller 120 . Referring to FIGS . 2 through 8 , various views of the 
A power source 140 provides , for example , 24 VDC surgical instrument 200 are shown . This includes views of 

power signals to the motors 220 , 222 and 224. The 24 VDC the instrument 200 with protective covers 240a , 240b ( FIGS . 
signal is applied to the motors 220 , 222 , and 224 through the 2-5 ) and without protective covers 240a , 240b ( FIGS . 6-8 ) . 
controllers 230 , 232 and 234. Each controller 230 , 232 and 60 The protective covers 240a , 240b are two halves of a 234 selectively provides the power signal to the comple housing for an upper assembly 300 of the instrument 200 . 
mentary motor 220 , 222 and 224 , respectively , to selectively The upper assembly 300 includes a drive assembly 314 that 
activate the motor . This selective activation of the motors drives the cutting accessory 202. Covers 240a , 240b are 
220 , 222 and 224 is what positions the cutting accessory placed on either side of the upper assembly 300 and fastened 
202. Power source 140 also supplies power to the controllers 65 together by fasteners or the like . In other embodiments , the 
230 , 232 and 234 to energize the components internal to the protective covers 240a , 240b may be replaced by a one 
controllers . It should be appreciated that the power source piece covering or housing ( not shown ) . 
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In addition to the upper assembly 300 , the instrument 200 the motor 206 to the carrier 302. Working portion , e.g. , 
includes the handle assembly 500 , a shell 670 , and a bracket cutting accessory 202 , moves about gimbal 304 in at least 
assembly 700. The drive assembly 314 is coupled to the two degrees of freedom relative to the hand - held portion , 
hand - held portion , e.g. , handle assembly 500. The drive e.g. , handle assembly 500. Specifically , the working portion 
assembly 314 is slidably coupled to the handle assembly 5 is adjustable in pitch and yaw about the gimbal 304. The 
500. Bracket assembly 700 and shell 670 are fixed to the gimbal 304 is movable along the axis Z relative to the 
handle assembly 500. Cutting accessory 202 extends distally hand - held portion , e.g. , handle assembly 500 . 
forward from upper assembly 300. The handle assembly 500 Gimbal 304 is a ring shaped structure that has an outer 
includes a pistol - grip style handle 502 for being manually shape of sphere the opposed ends of which have been 
handled by a user and the trigger 208. Other embodiments 10 removed . Gimbal 304 holds the cutting accessory 202 to the 
have alternative handles with differing grip styles , such as a upper assembly 300 so the cutting accessory 202 is able to 
pencil grip . pivot around two axes . More particularly , motor 206 and 

B. Upper Assembly coupling assembly 207 are the components of the instrument 
Referring to FIGS . 9-17 , 24 and 41 , various views of the 200 securely attached to the gimbal 304. Gimbal 304 is 

upper assembly 300 , of the instrument 200 are shown . The 15 located around the center of gravity of a subassembly 
upper assembly 300 , and more specifically the drive assem consisting of the cutting accessory 202 , motor 206 and 
bly 314 , supports the working portion , e.g. , the cutting coupling assembly 207. This minimizes the mass moment of 
accessory 202. As set forth further below , the upper assem inertia of the sub assembly as it is pivoted and maximizes the 
bly 300 and the cutting accessory 202 move relative to the angular acceleration for a given supplied torque . 
hand - held portion , e.g. , the handle assembly 500 , in a 20 With continued reference to FIG . 17 , the gimbal housing 
plurality of degrees of freedom . 306 includes an upper collar 308 and a lower collar 310 . 

The drive mechanism 201 moves in at least one degree of Collars 308 and 310 are both generally U - shaped . Upper 
freedom relative to the hand - held portion , e.g. , handle collar 308 is mounted to a lower collar 310 by fasteners 301 . 
assembly 500. Specifically , the drive motor 206 moves in at Fasteners 309 mount the lower collar 310 to the carrier base 
least two degrees of freedom relative to the hand - held 25 305. The opposed inner faces of collars 308 and 310 have 
portion and , more specifically , moves in at least three surfaces that conform to slice sections through a sphere . 
degrees of freedom relative to the hand - held portion . At least Gimbal 304 is sandwiched between the collars 308 and 310 . 
one of the actuators moves the drive mechanism 201 and the Gimbal housing 306 and gimbal 304 are collectively shaped 
drive motor 206 in pitch , yaw , and translation along the axis to both prohibit lateral and longitudinal movement of the 
Z relative to the hand - held portion . Specifically , the motors 30 gimbal yet allow the pivoting of the motor 206 and cutting 
220 , 222 , and 224 move the drive mechanism 201 and the accessory 202 in two degrees of freedom relative to the 
drive motor 206 in pitch , yaw , and translation along the axis longitudinal axis extending through the gimbal housing 306 . 
Z , respectively , relative to the hand - held portion . A fastener 424 prevents rotation of the gimbal 304 relative 
As best shown in FIGS . 18-27 and 56 , the plurality of to the gimbal housing 306 in the roll direction , around the 

actuators , e.g. , motors 220 , 222 , and 224 , are capable of 35 longitudinal axis through the housing 306. Fastener 424 has 
moving the working portion relative to the hand - held portion a distal protrusion , that when installed in the upper collar 
in at least three degrees of freedom including pitch , yaw , and 308 , mates in a slot 425 in the gimbal 304. The slot 425 
translation along the axis Z. These individual degrees of extends longitudinally along the gimbal 304. The seating of 
freedom are best shown in FIGS . 18-20 ( pitch ) , FIGS . 21-23 stem of the fastener 424 in slot 425 inhibits rotation of the 
( yaw ) , and FIGS . 37-39 ( z - axis ) . FIGS . 24-27 show a 40 gimbal 304 and , by extension the cutting accessory 202 
sample of possible positions for pitch and yaw , and FIG . 56 while allowing pitch and yaw adjustment of the cutting 
shows the resulting range of motion when all three degrees accessory 202 . 
of freedom are expressed . Further , in an embodiment where With continued reference to FIG . 17 , upper assembly 300 
the working portion , i.e. , the cutting accessory 202 , includes a pitch adjustment mechanism 312 that sets the 
prises a bur head 204 , the drive motor 206 moves in four 45 pitch of the cutting accessory 202. Here the “ pitch ” is the 
degrees of freedom relative to the hand - held portion , i.e. , the up - down angular orientation of a longitudinal axis or rota 
drive motor 206 rotates the bur head 204 . tional axis R of the cutting accessory 202 relative to a 
The upper assembly 300 includes a carrier 302 , as iden horizontal plane through the center of the gimbal housing 

tified in FIG . 17 , for example . Carrier 302 is slidably 306. A yaw adjustment mechanism 412 sets the yaw of the 
mounted to handle assembly 500. The carrier 302 is in the 50 cutting accessory 202. “ Yaw ” is the right - left angular ori 
form of a single piece metal structure that is often formed entation of the longitudinal or rotational axis of the cutting 
from aluminum . Carrier 302 is shaped to have a base 305 accessory 202 relative to a vertical plane through the center 
that is in the form of a rectangular frame . A riser 307 , also of the gimbal housing 306. Pitch and yaw adjustment 
part of the carrier 302 , extends vertically upwardly from the mechanisms 312 and 412 , respectively , are actuated to 
proximal end of the base . Flanges 303 extend outwardly 55 simultaneously adjust the pitch and yaw of the cutting 
along the opposed outer side edges of the base 305. The accessory 202. The pitch adjustment mechanism 312 and the 
flanges 303 ride in channels 504 formed in handle assembly yaw adjustment mechanism 412 are also capable of inde 
500. As seen in FIG . 43 , the carrier 302 is further formed to pendent adjustment . 
have an elongated slot 317 that extends upwardly from the The pitch adjustment mechanism 312 includes a link 316 , 
downwardly directed face of carriage base 305. Slot 317 is 60 sometimes called a swing arm , that is a three - sided structure . 
semi - circular in cross sectional shape and extends the length Link 316 includes a base 319 from which a pair of parallel 
of the base 305. Slot 317 is centered on the longitudinal axis arms 318 extends distally outwardly . Link 316 is positioned 
that extends along the downwardly directed face of the slot so that the base 319 is located proximal to the carrier riser 
base 305 . 307 and the free ends of the arms 318 are disposed against 

With reference to FIG . 17 , a gimbal housing 306 is 65 opposed sides of the lower collar 310. The outer end of each 
mounted to carrier base 305. Gimbal housing 306 holds a arm 318 has a bore 320 with a counterbore 321. A flanged 
gimbal 304 disposed around motor 206 to pivotally secure bearing 322 is seated in each bore 320 and counterbore 321 . 

com 
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A screw 324 extends through each bearing 322. The screw Yoke assembly 364 further includes a three sided yoke 
324 has a head 326 that holds the flanged bearing 322 to the 368. A rod 370 is integral with the yoke 368 and extends 
arm 318. Each screw 324 also has a threaded shaft 328 that distally forward from the yoke 368. The rod 370 is cylin 
engages a corresponding threaded bore 330 formed in the drical in shape . The rod 370 is slidably disposed in the bore 
adjacent side of the lower collar 310. Link 316 pivots 5 372 internal to bar 366. A nut 376 is pivotally mounted to the 
relative to the gimbal housing 306 about the axis through the yoke 368. Nut 376 is formed to have opposed trunnions 377 . 
coaxial screws 324. This axis extends through the center of Each trunnion 377 seats in a bearing assembly 379 mounted 
the gimbal 304 . to a side section of the yoke 368 ( see FIG . 17A ) . The nut 376 

Link base 319 is formed to have an elongated slot 332 . has internal threads that mate with the lead screw 336 . 
Slot 332 receives a guide post 334 extending from a proxi The cutting accessory 202 is pivoted up and down , along 
mal end of motor 206. The guide post 334 rides in the slot the Y - axis , by actuating motor 220. The resultant rotation of 
332 when the yaw of the cutting accessory 202 is being motor output shaft 354 is transferred through gears 352 and 
adjusted . When the pitch is being adjusted , the guide post 348 to cause a like rotation of lead screw 336. Nut 376 is 
334 is moved by the link 316 to place the bur head 204 in attached to yoke 368. Yoke 368 is , through rod 370 attached 
the desired pitch position . The slot 332 is dimensioned with to link 316. As a consequence of the attachment of nut 376 
a relatively tight tolerance to the guide post 334 across its to the link 316 , the nut 376 is blocked from rotation . 
width , while still allowing the guide post 334 to freely slide Consequently , the rotation of lead screw 336 results in the 
in the slot 332 as the yaw of the cutting accessory 202 is movement of the nut 376 up or down the lead screw 336 . 
changed . In one version of the invention guide post 334 has 20 The displacement of the nut 376 results in a displacement of 
a diameter of 0.4 cm and , the width across the slot 334 is rod 370 that results in a like displacement of the link 316 . 
approximately 0.01 to 0.05 mm wider . The length across the During this displacement , the yoke 368 pivots around nut 
slot 334 is approximately 2.1 cm . trunnions 377. Rod 370 freely slides in and out of bore 372 

Pitch adjustment mechanism 312 includes a lead screw internal to plate 366. As a consequence of the up / down 
336 that is driven by motor 220. The lead screw 336 has 25 displacement of the portion of the bracket adjacent shaft , 
opposed first and second stems , 338 and 340 , respectively , link 316 pivots about the axis through bearings 322. When 
that are cylindrical in shape . Stems 338 and 340 are located the pitch adjuster 316 pivots , the guide post 334 is forced to 
on opposing sides of a screw body 339 formed with thread undergo a like displacement . This displacement of the guide 
ing ( threading not illustrated ) . Each screw stem 338 and 340 post forces the motor 206 and cutting accessory 202 to 
is seated in a separate bearing 342. Bearing 342 are located 30 likewise pivot . It should be understood that the downward 
in opposed coaxial bores 344 , 345 formed in the carrier 302 . pivoting of link 316 and guide post 334 cause an upward 
One bore , bore 344 , is formed in a portion of the riser 307 . pivoting of the bur head 204 . 
The second bor bore is formed in the carrier base 305 . Lead screw body 339 has fine pitch and lead angle to 
An end plug 346 is threaded into a matching internal thread prevent backdriving ( i.e. it is self - locking ) . As a result , a 
347 formed in the riser 307 around bore 344 to secure the 35 load placed on the bur head 204 does not back drive the 
bearings 342 and lead screw 336 to the carrier 302 . motor 220. In one embodiment , the lead screw body 339 has 
A spur gear 348 is fit over the upper of the two screw a diameter of 0.125 inches ( 0.318 cm ) and has a lead of 

stems , stem 338. Set screws , ( not identified ) hold the spur 0.024 inches / revolution ( 0.061 cm / revolution ) . One such 
gear 348 to the stem 338 so that the gear rotates in unison lead screw is available from Haydon Kerk Motion Solutions , 
with the stem 338. Spur gear 348 has teeth that mate with 40 Inc. of Waterbury , Conn . 
teeth on a spur gear 352. Spur gear 352 is fixed to the output Magnets 380 are mounted in a pair of pockets ( not 
shaft 354 of the pitch motor 220 by set screws ( not identi identified ) defined in an outside surface of one of the link 
fied ) . FIG . 17A shows a cross - section through the lead screw arms 318. A plate 384 is mounted to the arm 318 by fasteners 
336. A mounting bracket 358 secures the motor 220 to the ( not identified ) to hold the magnets 380 in the pockets . 
proximally directed face of the carrier riser 307 with fas- 45 Magnets 380 are mounted to the arm 318 so that the North 
teners 360. Specifically , the carrier riser 307 is formed to pole of the first magnet and the South pole of the second 
have an arcuate recess 362 that extends inwardly from the magnet are adjacent the plate 384. The magnets 380 are used 
proximally directed face of the riser 307. Recess 362 is to establish the zeroed ( or “ home ” ) position for the cutting 
shaped to receive a section of the cylindrically shaped motor accessory 202 on the X - axis . 
220. Mounting bracket 358 is arcuate in shape so as to seat 50 Yaw adjustment mechanism 412 includes a link 416 
around the portion of the motor 220 that extends outward of similar in shape to link 316. While not apparent from FIG . 
the carrier riser 307 . 17 , as seen in FIGS . 11 and 12 , link 416 is located distally 

Pitch adjustment mechanism 312 further includes a yoke forward of link 316. Link 416 includes a base 419 from 
assembly 364. The yoke assembly 364 includes a rectangu which a pair of parallel arms 418 extends distally forward . 
lar bar 366. Bar 366 is formed so as to have an elongated 55 A first end of each arm 418 has a bore 420 with a counter 
bore 372 , only the openings of which are seen , that extends bore 421. A flanged bearing 422 is supported in each bore 
longitudinally through the bar 366. Threaded fasteners 374 420 and counterbore 421. Fastener 424 , the fastener that 
secure bar 366 to the outer face of the arm 318 of link 316 seats in the flanged bearing 422 , has a head 426 that holds 
adjacent lead screw 336. While not illustrated , bar 366 may the flanged bearing 422 to the top located arm 418. Fastener 
be formed with a rib that projects outwardly from the face 60 424 also has a threaded shaft 428 that engages a correspond 
of the bar 366 that is disposed against the adjacent arm 318 . ing threaded bore 430 formed in upper collar 308. A fastener 
The rib has a width thereacross less than the width of the bar 425 , similar but not identical to fastener 424 , holds the 
366. The link arm 318 is formed with a groove having a bottom located arm against lower collar 310. Fastener 425 
width that allows the close seating of the rib . This rib - in extends into a bore formed in the lower collar 310 ( bore not 
groove facilitates the securing of the bar 366 to the link . This 65 identified ) . Link 416 is able to freely pivot relative to the 
rib also allows bore 372 to be positioned relatively close to carrier 302 about an axis defined by the flanged bearings 
the link arm 318 . 422. This axis extends through the center of the gimbal 304 . 
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An elongated slot 432 is formed in link base 419. Slot 432 screw 436. The connection of nut 476 to link 416 by yoke 
is centered on and extends along the longitudinal axis of link 468 and rod 470 prevents the nut 476 from rotation . Con 
base 419. Slot 432 , like the slot 332 integral with link 316 , sequently , the rotation of lead screw 436 results in the 
receives the guide post 334 extending from the proximal end right / left movement of the nut 476 along the screw 436 . 
of motor 206. Slot 432 has a length of approximately 2.0 cm . 5 Yoke 468 and , by extension , rod 470 , move to the right / left 
Slot 432 is slightly smaller in end - to - end length than slot 332 with the movement of nut 476. The rod 470 , being slidably 
integral with link 316 because the pitch of link 416 is greater coupled to the link 416 and bar 466 , causes the link 416 to 
than the yaw of link 316. Consequently to ensure the same engage in the like displacement . During the movement of 
up / down and right / left arc of the distal end of the cutting these components it should be appreciated that the yoke 468 
accessory 202 , the movement of post 334 to the left and right 10 pivots around the trunnions 477 and the rod 470 slides in and 
of link 416 should be less than the movement of the post 334 out of the bore 472. Since link 416 is pivotally mounted to 
up and down relative to link 316. The side - to - side width the gimbal housing 306 , the right / left displacement of the 
across slot 432 is approximately equal to the side - to - side link 416 pivots the link 416 about the axis through bearings 
width across slot 332. Guide post 334 freely moves up and 422. This pivoting of the link 416 forces guide post 334 to 
down in the slot 432 when the pitch of the cutting accessory 15 engage in a like right / left movement . The displacement of 
202 is adjusted . When cutting accessory 202 yaw is adjusted , the guide post 334 results in opposed left / right pivoting of 
the guide post 334 is moved by the yaw adjustment mecha the bur head 204 . 
nism 412 to place the bur head 204 in the desired position . The lead screw threaded portion 439 and complementary 
The slot 432 is dimensioned with a relatively tight tolerance yoke nut 476 have a fine pitch and lead angle to prevent 
to the guide post 334 across its width , while still allowing the 20 backdriving ( i.e. it is self - locking ) . As a result , a large load 
guide post 334 to freely slide in the slot 432 as the pitch of placed on the bur head 204 does not result in undesired back 
the cutting accessory 202 is changed by the instrument driving of the yaw motor 222. In one embodiment of the 
controller 120 . invention , the lead screw 436 is identical to lead screw 336 . 
The yaw adjustment mechanism 412 includes a lead Magnets 480 are mounted in a pair of pockets ( not 

screw 436 that is rotated by the motor 222. The lead screw 25 identified ) defined in an outside surface of one of the arms 
436 has opposing first and second stems , 438 and 440 , 418. A rectangular plate 484 is mounted to the arm 418 by 
respectively . Stems 438 and 440 are cylindrical in shape . a pair of fasteners ( not identified ) . Plate 484 holds magnets 
The lead screw 436 has a threaded portion 439 located 480 in the pockets . Magnets 480 are mounted to the arm 418 
between stems 438 and 440. Stems 438 and 440 are rotatably so that the north pole of one magnet 480 and the south pole 
supported by two bearings 442 ( with bushings ( not num- 30 of the second magnet 480 both face the plate 484. The 
bered ) in between ) . The bearings 442 are located in oppos magnets 480 are used to establish the home position for the 
ing bores 444 , 445 formed in the carrier 302. An end plug cutting accessory 202 along the Y - axis . 
446 is threaded into a matching internal thread 447 in the A bracket 488 is fixed the carrier 302 with fasteners 
carrier 302 to secure the bearings 442 and lead screw 436 to 490. Bracket 488 is mounted to the top surface of the carrier 
the carrier 302. The first stem 438 supports a spur gear 448 35 base 305. The center of bracket 488 is open . The bracket 488 
that is fixed to the screw 436 by set screws ( not identified ) . is formed to have two pockets , pocket 394 and pocket 494 . 
The spur gear 448 has teeth that mate with teeth on a spur Pocket 394 is located immediately above carrier base 305 . 
gear 452. The spur gear 452 is fixed to an output shaft 454 Pocket 494 is spaced further above the carrier base 305 . 
of yaw motor 222 by set screws ( not identified ) . FIG . 17B Upon assembly of surgical instrument 200 , motor 206 is 
shows a cross - section through lead screw 436 . 40 seated in and extends through bracket 488. The arms 318 and 
A mounting bracket 458 secures motor 222 to the carrier 418 of , respectively links 316 and 416 , are both located 

302 with fasteners ( not identified ) . In particular , the proxi outside of bracket 488. The link arm 318 that holds magnets 
mal end of the carrier base 305 is formed with an arcuate 380 is located adjacent pocket 394. The link arm 418 that 
recess 462 for receiving a section of the cylindrically shaped holds magnets 480 is located adjacent pocket 494. Hall 
motor 222. Mounting bracket 458 has an arcuate shape to 45 effect sensors 392 and 492 are mounted in pockets 394 and 
seat over the portion of the motor that extends beyond the 494 , respectively . The signal from Hall - effect sensor 394 
carrier 302 to hold the motor 222 in position . varies as a function of the proximity of magnets 380. The 
The yaw adjustment mechanism 412 further includes a signal from Hall - effect sensor 494 varies as a function of the 

yoke assembly 464 mounted to link 416. Yoke assembly 464 proximity of magnets 490 . 
includes a rectangularly shaped bar 466. Bar 466 is formed 50 The analog signals output by Hall - effect sensors 392 and 
to have a bore 472 , only the opening of which is seen , that 492 are applied to , respectively , motor controller 230 and 
extends longitudinally through the bar 466. Bar 466 is motor controller 232. Each motor controller 230 and 232 has 
secured the outer face of the bottom of two arms 418 of an analogue to digital converter , ( not illustrated ) to which 
link 416 by fasteners ( not identified ) . The bar 466 is secured the associated analogue Hall sensor signal is applied . Motor 
to the adjacent arm 418 so that the bore 472 is directed 55 controllers 230 and 232 forward the digitized representa 
towards the arm 418. Bar 466 may be identical to bar 366 . tions of the signals from Hall - effect sensors 392 and 492 , 
Accordingly , the adjacent link arm 418 may have a recess respectively , to controller 120 . 
for receiving a rib integral with the bar 466 . FIGS . 18-27 show various pitch and yaw positions of the 
The yoke assembly 464 includes three sided yoke 468 . cutting accessory 202. From these Figures it can be appre 

A cylindrical rod 470 , integral with the yoke 468 extends 60 ciated that lead screw 336 is parallel with motor 220. Lead 
distally forward of the yoke 468. The rod 470 is slidably screw 436 is parallel with motor 222. This arrangement of 
disposed in bore 472 between bar 466 and the adjacent link the components of instrument 220 minimizes the overall size 
arm 418 . of the instrument 200 . 
Anut 476 , identical to nut 376 , is pivotally mounted to the C. Handle Assembly 

yoke 468 by trunnions 477. Each trunnion 477 is seated in 65 Referring to FIGS . 28 through 37 the handle assembly 
a bearing assembly mounted to the side of yoke 468. The nut 500 is now described . The handle assembly 500 slidably 
476 has internal threads that mate with threads on the lead supports carrier 302. The sliding movement of the carrier 






















































